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Abstract: 
Freestanding membranes created from Bombyx mori silk fibroin (BMSF) 
offer a potential vehicle for corneal cell transplantation since they are 
transparent and support the growth of human corneal epithelial cells 
(HCE). Fibroin derived from the wild silkworm Antheraea pernyi (APSF) 
might provide a superior material by virtue of containing putative cell-
attachment sites that are absent from BMSF. Thus we have investigated 
the feasibility of producing transparent, freestanding membranes from 
APSF and have analysed the behaviour of HCE cells on this material. No 
significant differences in cell numbers or phenotype were observed in short 
term HCE cell cultures established on either fibroin. Production of 
transparent freestanding APSF membranes, however, proved to be 
problematic as cast solutions of APSF were more prone to becoming 
opaque, displayed significantly lower permeability and were more brittle 
than BMSF-membranes. Cultures of HCE cells established on either 
membrane developed a normal stratified morphology with cytokeratin pair 
3/12 being immuno-localized to the superficial layers. We conclude that 
while it is feasible to produce transparent freestanding membranes from 
APSF, the technical difficulties associated with this biomaterial, along with 
an absence of enhanced cell growth, currently favours the continued 
development of BMSF as a preferred vehicle for corneal cell 
transplantation. Nevertheless, it remains possible that refinement of 
techniques for processing APSF might yet lead to improvements in the 
handling properties and performance of this material. 
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Abstract 
Freestanding membranes created from Bombyx mori silk fibroin (BMSF) offer a potential vehicle for corneal 
cell transplantation since they are transparent and support the growth of human corneal epithelial cells (HCE). 
Fibroin derived from the wild silkworm Antheraea pernyi (APSF) might provide a superior material by virtue of 
containing putative cell-attachment sites that are absent from BMSF. Thus we have investigated the feasibility 
of producing transparent, freestanding membranes from APSF and have analysed the behaviour of HCE cells on 
this material. No significant differences in cell numbers or phenotype were observed in short term HCE cell 
cultures established on either fibroin. Production of transparent freestanding APSF membranes, however, 
proved to be problematic as cast solutions of APSF were more prone to becoming opaque, displayed 
significantly lower permeability and were more brittle than BMSF-membranes. Cultures of HCE cells 
established on either membrane developed a normal stratified morphology with cytokeratin pair 3/12 being 
immuno-localized to the superficial layers. We conclude that while it is feasible to produce transparent 
freestanding membranes from APSF, the technical difficulties associated with this biomaterial, along with an 
absence of enhanced cell growth, currently favours the continued development of BMSF as a preferred vehicle 
for corneal cell transplantation. Nevertheless, it remains possible that refinement of techniques for processing 
APSF might yet lead to improvements in the handling properties and performance of this material. 
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1. Introduction 
 
Silk fibroin produced by the domesticated silkworm Bombyx mori has been studied 
extensively as a biomaterial [1-4]. Numerous studies have demonstrated that regenerated Bombyx 
mori silk fibroin (BMSF) supports the adhesion and proliferation of many kinds of cells and offers 
versatility in matrix scaffold design for a variety of tissue engineering requirements [1, 5, 6]. 
Transparent freestanding membranes produced from silk fibroin are of particular interest for 
ophthalmic applications, and especially for reconstructing the cornea [5, 7-14]. Current techniques for 
repairing the surface of the cornea typically involve the transplantation of human corneal epithelial 
(HCE) cells cultivated on donor amniotic membrane (AM) [15]. Nevertheless, AM can be difficult to 
source, is relatively expensive, and carries the risk of disease transmission from donor tissue. On the 
other hand, BMSF addresses many of the limitations of amniotic membrane as a biomaterial offering 
excellent availability, low cost and biocompatibility. For this reason, our group and others are 
investigating its use for the production of membranes to support the growth of HCE cells for corneal 
surface repair. 
One of the most important properties of a biomaterial is the ability to promote the attachment 
and growth of cells. We have shown previously that BMSF supports the adhesion and growth of HCE 
cells in vitro. The level of cell attachment observed on the fibroin scaffold, however, was significantly 
less than that obtained using AM [7]. To increase the potential of fibroin for corneal tissue 
engineering, further strategies aimed at improving HCE cell adhesion to fibroin scaffolds are therefore 
worthy of investigation.  
In a recent study, we presented evidence that fibroin isolated from cocoons of the wild silk 
moth Antheraea pernyi (APSF), also has potential to support HCE cell adhesion in vitro [16]. In doing 
so we built upon a growing body of work investigating the use of APSF as an alternative to BMSF 
[17-22]. Interest in APSF is primarily based upon the knowledge that this protein, unlike BMSF, 
contains the amino acid sequence arginine-glycine-aspartic acid (RGD), a well established cell-
binding motif [23-29]. Interestingly, our earlier study found similar levels of HCE cell attachment to 
culture plastic treated with either BMSF or APSF [16]. Nevertheless, it remains possible that the RGD 
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sequences present within APSF might positively influence the phenotype of HCE cells (i.e. immature 
versus differentiated cells) that attach and grow upon either material. Moreover, it remains to be seen 
if freestanding membranes can be prepared from APSF with equivalent transparency and mechanical 
properties to those produced from BMSF. Our present aims were therefore to investigate the 
feasibility of producing transparent freestanding membranes of APSF and to examine the potential of 
this material as a substrate for HCE cell growth compared with BMSF. 
It is unclear from the literature whether it is possible to produce freestanding membranes from 
APSF, with the majority of prior interest being in APSF applied to the surface of polystyrene films 
[23] or tissue culture plastic [30, 31]. We therefore report for the first time in this study a protocol for 
producing freestanding membranes from aqueous solutions of APSF. In addition, after briefly re-
examining the inherent adhesiveness of APSF for human HCE cells, we subsequently compare the 
growth and phenotype of HCE cells on either material. In the course of conducting this study we have 
discovered significant technical issues that seem destined to influence the choice of fibroin species for 
potential biomedical applications both within the cornea and more broadly. 
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2. Methods 
 
2.1 Preparation of BMSF and APSF membranes  
B. mori and A. pernyi cocoons were supplied by Tajima Shoji Co. Ltd. (Yokohama, Japan) 
and by Dr. Yun Wu (Kunming, China), respectively. All cocoons were provided with the pupa 
removed. Chemical reagents and consumables were purchased from Sigma Aldrich (St. Louis, USA), 
unless otherwise indicated, and used without further purification. Milli-Q water (or equivalent) was 
used during the preparation of fibroin films and cell culture. Aqueous solutions of silk fibroin were 
prepared from B. mori (4% w/v) and A. pernyi (1.3% w/v) cocoons and, for BMSF, were cast using 
techniques and materials described previously [7,16].  
To cast freestanding APSF fibroin membranes, the solutions were poured into 45-mm 
diameter glass Petri dishes pre-coated with Topas
®
 copolymer (0.3 g in 10 mL cyclohexane; 
Advanced Polymers, Frankfurt, Germany). The fibroin solutions were cast to create  membranes of 
approximately 5-10 µm in thickness (using 1.78% w/v for BMSF and 1.3% w/v for APSF), which 
was determined by measurement using a micrometer (TECLOCK Co., Okaya, Japan). Alternatively, 
the fibroin solution was poured into a 24-well tissue culture plate to create fibroin coatings (using 4% 
w/v for BMSF and 1.3% w/v for APSF). Both APSF coated and BMSF coated Petri dishes as well as 
BMSF coated plates were placed in a fan-driven oven for 12 h at room temperature (RT), whereas the 
APSF coated plates were placed into a fridge at 4˚C for 2-3 weeks. The membranes or tissue culture 
plates were then water annealed as described previously [16]. For use in cell culture experiments, the 
freestanding membranes were cut using a trephine blade to produce circular pieces of approximately 
14 mm diameter, and mounted in sterile Teflon
® 
cell culture chambers as described previously [32]. 
Prior to use, the mounted membranes or coated tissue culture plates were sterilised by submersion in 
70 % ethanol for 30 min, and washed three times in PBS. 
 
2.2 Establishment of primary HCE cultures  
Cadaveric human eye tissue was obtained with human research ethics committee (HREC) 
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approval and donor consent from the Queensland Eye Bank (Brisbane, Australia). Primary cultures of 
corneal epithelial cells were established from the corneal limbus and propagated in HCE medium as 
described previously [7].  Primary HCE cells were subsequently seeded onto membranes fabricated 
from BMSF and APSF (mounted as described above) at a density of 1 x 10
5
 cells/cm
2
 and grown for 
14 days in HCE medium before fixation in phosphate buffered saline (PBS) containing 3.7% 
formaldehyde. 
 
2.3 Cell adhesion assays 
 An estimate of cell numbers attached to fibroin was achieved by determining DNA content in 
individual wells of 24-well tissue culture plates coated with either BMSF or APSF. Initially, adhesion 
of HCE cells (seeded at 10
4
 cells/cm
2
) to fibroin-coated culture surfaces was assessed after 4 h of 
culture. HCE cells were cultured in the absence of serum to exclude the influence of endogenous 
serum-derived adhesion factors on the assay.  
Cell attachment assays were performed as described previously [7]. A standard curve was 
generated using lambda phage DNA in 0, 0.1, 1, 10, and 100 ng/mL concentrations. To determine the 
concentration of DNA in each sample, 100 µL of a 1:200 dilution of Quant-iT PicoGreen (Invitrogen, 
Carlsbad, USA) was added to each well and the intensity of fluorescence produced by the reaction 
measured using a fluorescent plate reader (BMG Labtech POLARstar Omega, Ortenberg, Germany) 
with an excitation/emission wavelength of 480/520 nm. The method of statistical analysis used to 
compare cell attachment to BMSF and APSF coated wells was a Student’s t-test.  
An estimate of cell numbers on fibroin coated surfaces was also performed after 72 h to 
investigate if the RGD sequences inherent in APSF offered any advantages to overall growth (as 
opposed to attachment alone). The culture medium was supplemented with 10% fetal bovine serum 
(FBS; Thermo Fisher Scientific, Waltham, USA) to provide a similar growth environment as used 
clinically [15], but serum-free controls were also included. For this assay HCE cells were applied at a 
lower seeding density of 5 x 10
3
 cells/cm
2
 onto fibroin coated 24-well plates under either serum-
supplemented or serum-free conditions. Cells were incubated for 72 h, washed twice in PBS, then the 
differences in the number of cells determined as a function of the total amount of DNA using the 
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Quant iT Picogreen assay kit as above. The method of statistical analysis used to compare cell growth 
on BMSF and APSF coated wells in the presence and absence of serum was a two-way ANOVA.  
 
2.4 Phenotypic analysis of HCE cultures grown in BMSF and APSF coated wells and on freestanding 
membranes. 
Two markers of corneal epithelial cell phenotype, ∆Np63 (immature proliferating cells) and 
cytokeratin pair 3/12 (stratifying, differentiated cells) were employed to examine potential differences 
in the phenotype of cells that would bind to the surface of APSF and BMSF coated wells. In addition, 
cytokeratin 3/12 expression was subsequently examined to determine the differentiation of stratified 
cultures grown on freestanding membranes. Immunocytochemistry was performed using a primary 
monoclonal antibody to cytokeratin pair 3/12 (1:700 dilution, Millipore, Billerica, USA) and a 
polyclonal antibody to ΔNp63 isoforms (1:100 dilution, Biolegend, San Diego, USA). HCE cells on 
freestanding fibroin films and coated wells were blocked in 5% normal goat serum (NGS) in PBS 
containing 0.5% Triton X-100 for 30 min. The primary antibodies were diluted in 1% NGS and 
applied at RT for 1 h. After three washes in PBS to remove the primary antibody, the secondary 
antibody (Alexa Fluor 488 anti-mouse or Alexa Fluor 594 anti-rabbit; Invitrogen) was applied at a 
dilution of 1:200 for 20 min at RT. General cell morphology was demonstrated using phalloidin or 
Hoechst 33342 (both Invitrogen) dyes to visualise actin or cell nuclei, respectively. Freestanding 
fibroin films were then mounted on SuperFrost Ultra Plus
®
 glass microscope slides (HD Scientific 
Supplies, Wetherill Park , Australia) using 100% glycerol (Sigma Aldrich).  
  
2.5 Mechanical testing  
The mechanical strength tests of strips of fibroin membranes (10 × 30 mm) were performed 
using an Instron 5848 microtester (Instron, Norwood, USA) with a 5 N load cell and recorded under a 
crosshead speed of 14 mm/min. Samples were loaded into pneumatic grips with the gauge distance of 
14 mm and immersed in PBS (37 ± 3 
o
C) in a BioPuls™ unit (Instron) for 5 min before drawing.  A 
stress versus strain curve for the samples was then generated and the slope of the linear region of the 
curve was used to determine the tensile modulus. The mean values were calculated from results 
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obtained for six specimens cut from a minimum of three different fibroin membranes. The method of 
statistical analysis used to compare tensile properties of BMSF and APSF freestanding membranes 
was a Student’s t-test.  
 
2.6 Measurement of light transmission 
Light transmission through BMSF and APSF membranes was measured with a micro-plate 
spectrophotometer (Paradigm Absorbance Detection, Beckman Coulter, Brea, USA) as described 
previously [14]. Membranes were punched out into 16-mm fibroin discs and placed in 1 mL of 0.01 
M PBS in a 24-well plate. Measurements were performed in triplicate. The method of statistical 
analysis used to compare the transparency of BMSF and APSF freestanding films was a Student’s t-
test. 
 
2.7 Permeability 
The permeability of BMSF and APSF membranes was investigated as described previously 
[7] using Allura red AC (MW 496.42 Da). The permeability coefficients were determined as detailed 
in a previous study [7]. Experiments were performed 3 times, and the average and standard deviations 
were calculated. The method of statistical analysis used to compare the permeability of BMSF and 
APSF freestanding films was a Student’s t-test.  
 
2.8 Scanning electron microscopy (SEM) 
Freeze-fractured membranes were placed on specimen stubs using double sided adhesive tapes and 
coated with a layer of gold using Gold Sputter Coater (Leica EM SCD005, Leica Microsystems, 
Wetzlar, Germany). SEM images were obtained by Quanta 200 SEM/ESEM instrument (FEI, 
Hillsboro, USA) operating in standard high vacuum mode and using a standard tungsten filament.  
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3. Results 
 
3.1 Evaluation of HCE cell attachment and growth on BMSF and APSF coated wells 
Since a different supplier of A. pernyi cocoons was used to that employed previously [16], we 
commenced this study by re-examining the comparative levels of HCE cell adhesion to BMSF and 
APSF. Using measurement of total DNA content (PicoGreen assay) as an index of cell numbers, the 
average level of HCE cell attachment to APSF after 4 h under serum-free conditions was found to be 
higher than that observed on BMSF by approximately 20% (figure 1(a)), but this difference was not 
found to be statistically significant (p>0.05). In considering this result we hypothesized that perhaps a 
more noticeable difference in cell numbers might be observed in longer-term cultures. We therefore 
repeated the experiment over 72 h using an adjusted seeding density (half that for cell attachment 
assays) designed to maintain the cells in a proliferative state over the extended time period. Additional 
cultures were established in parallel using serum-supplemented growth medium to mimic conditions 
used clinically. As shown in figure 1(b), apart from a significant effect of serum on cell numbers 
(p<0.05), no difference in cell numbers was observed between wells coated with each source of 
fibroin. 
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Figure. 1. Comparison of human corneal epithelial (HCE) cell attachment and growth on culture 
plastic coated with either Bombyx mori silk fibroin (BMSF) or Antheraea pernyi silk fibroin (APSF). 
Primary cultures of HCE were sub-cultured onto fibroin coated culture plastic and examined for 
evidence of (a) cell attachment, 4 h after seeding at 10
4
 cells/cm
2 
under serum-free conditions (with 
washing prior to measurement), and (b) total cell numbers, 72 h after seeding 5 × 10
3
 cells/cm
2 
in 
either the presence or absence of 10% FBS. DNA content was measured using the PicoGreen assay to 
provide an indication of cell numbers. Bars represent the mean ± standard error of the mean from a 
minimum of 3 experiments. Only the presence of serum was found to have a significant effect on cell 
numbers (p<0.05) on either type of fibroin.  
 
3.2 Phenotype of HCE cells bound to BMSF and APSF coated wells 
While similar numbers of cells were observed between the cultures established in wells 
coated with either BMSF or APSF, it remained possible that each surface might be encouraging the 
attachment and/or growth of cells with varying phenotypes. Thus we used immunocytochemistry to 
compare the relative expression of markers for immature cells (∆Np63) versus differentiating cells 
(cytokeratin pair 3/12) in the 72 h old cultures grown in the presence of serum. As shown in figure 2, 
approximately 10% and 50% of HLE cells demonstrated intense immuno-reactivity for cytokeratin 
pair 3/12 and ∆Np63, respectively, when cultured on either type of fibroin.  
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Figure. 2. Comparison of cell phenotype for short-term HCE cultures established in tissue culture 
wells coated with either BMSF ((a) and (b)) or APSF ((c) and (d)). First passage cultures of human 
corneal epithelial cells were seeded into wells coated with either BMSF or APSF and allowed to 
attach and grow for 72 h in presence of 10% serum before immunostaining for the cytokeratin pair 
3/12 (arrow; (a) and (c)) or the progenitor cell marker ∆Np63 (arrow; (b) and (d)). All cultures were 
counter-stained with Hoechst 33342 nuclear dye. Representative negative controls prepared by 
omitting the primary antibody are displayed as inserts (Neg).  
 
3.3 Properties of BMSF and APSF freestanding membranes 
While performing the studies of HCE cell attachment and growth described above, we also 
assessed the feasibility of constructing transparent freestanding membranes from APSF. The initial 
critical step in constructing the APSF membranes was to achieve a stable aqueous solution suitable for 
casting into Petri dishes. From a total of 14 attempts to generate an aqueous solution we were 
successful on 13 occasions (with one solution gelling), however, drying of APSF solutions after 
casting into either culture plates (for cell adhesion studies) or Petri dishes (for freestanding 
membranes) proved to be a more difficult task in the case of 4 out of 11 samples when opaque and/or 
Page 12 of 22CONFIDENTIAL - FOR REVIEW ONLY  BMM-100118.R1
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
12 
 
cracked membranes resulted. Nevertheless, through careful attention to avoid agitation and by 
maintaining correct temperatures, we were able to produce transparent freestanding membranes from 
aqueous solutions of APSF in 6 out of 10 attempts. The resulting APSF membranes appeared quite 
similar in transparency and handling properties to their BMSF counterparts (figure 3). Examination by 
scanning electron microscopy, however, revealed a noticeably smoother surface for BMSF 
membranes compared with the APSF membranes (figures 3(c) and (f) respectively).  
 
 
Figure. 3. Physical appearance of membranes prepared from BMSF (a-c) compared with APSF (d-f). 
(a) and (d); Gross appearance of membranes produced from BMSF or APSF immediately following 
removal from Petri dishes and placement over printed text. (b) and (e); Corresponding photographs of 
excised 14 mm diameter circles of each membrane type, taken while being held with forceps prior to 
mounting in chambers. (c) and (f); Scanning electron micrographs demonstrating the surface and 
cross-sectional structure of each membrane type. 
 
Subsequent analyses of wet membranes soaked in PBS confirmed a similar degree of transparency for 
both membrane types as measured by light transmission (>97%) at 485 nm (Table 1). A significant 
difference in membrane permeability was observed, however, when using Allura red AC dye that 
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penetrated more slowly through the APSF membranes ((2.33 ± 0.9) × 10
-9 
cm/s for APSF compared 
with (1.32 ± 0.12) × 10
-8
 cm/s for BMSF; p<0.005).  
Mechanical testing in PBS at 37
 o
C revealed further significant differences between the two 
membrane types. The values (%) of ‘elongation at break’ for APSF membranes were found to be 
significantly less (7.25 ± 0.6; p <0.0005) than those for BMSF membranes (58 ± 9.1). In addition, 
while the ultimate strengths of BMSF and APSF membranes were quite similar, the elasticity 
(measured in Modulus (MPa)) of BMSF membranes (12.9 ± 1.4) compared to APSF membranes (29.3 
± 2.4) were also significantly different (p <0.0005).  
 
Table 1: Properties of BMSF and APSF Membranes. All properties measured in PBS at 37 ± 3 
o
C. 
All values are mean ± Standard error of the mean. 
1
 n = 3. 
2
 n = 3 (*)
 
Value significantly different 
(p<0.005) from that of BMSF. 
3 
n = 6 (**) Value significantly different (p<0.0005) from that of 
BMSF. 
 
 BMSF APSF 
 
Transmittance
1
 (%) 
 
98.5 ± 1.3 
 
97.1 ± 1.1 
 
Permeability coefficient
2
 (cm/s)      
 
 
(1.32 
 
± 0.12) x 10
-8 
 
(2.33 x ± 0.9) x 10
-9 * 
Tensile properties
3   
Modulus (MPa) 12.9 ± 1.4 29.3 ± 2.4** 
Ultimate strength (MPa) 1.7 ± 0.2 1.5 ± 0.2 
Elongation at break (%) 58 ± 9.1 7.25 ± 0.6 ** 
 
 
 
3.4 Morphology and phenotype of epithelia constructed on BMSF and APSF membranes 
 Phalloidin staining of HCE constructs grown on BMSF or APSF membranes for two weeks 
demonstrated filamentous actin fibers within epithelial cells and the formation of stratified regions 
consisting of 2 or 3 cell layers (figure 4). Epithelial morphology was broadly similar to that expected 
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in normal corneal epithelium in vivo. Specifically, cells in superficial layers (observed by confocal 
microscopy) demonstrated a squamous morphology with a relatively high proportion of cytoplasm 
(compared to the nucleus) (figures 4(a) and 4(c)). Conversely, basal cell layers contained tightly 
packed cells with a tightly cobble-stoned morphology (figures 4(b) and 4(d)). Immunostaining for the 
cytokeratin pair 3/12 confirmed a normal distribution of more differentiated cells within the 
superficial layers (figures 5(a) and 5(b)). 
 
 
Figure. 4. Morphology of corneal epithelial tissue grown on freestanding membranes constructed 
from BMSF (a) and (b), or APSF (c) and (d). First passage cultures of corneal-limbal epithelial cells 
were cultured for 2 weeks before staining with rhodamine phalloidin and Hoechst 33342 dye to 
demonstrate cell morphology. Confocal fluorescence microscopy of the resulting stained cultures 
reveals a similar distribution of relatively large squamous cells in the superficial layers (arrow; (a) and 
(c)) and smaller, tightly packed cells in the basal layer of epithelia constructed on either type of silk 
fibroin membrane (arrow; (b) and (d)). 
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Figure. 5. Demonstration of corneal epithelial phenotype in HCE cultures grown on APSF or BMSF 
membranes. First passage cultures of corneal-limbal epithelial cells were grown for approximately 2 
weeks on freestanding fibroin membranes prepared from either BMSF (a) or APSF (b) before staining 
for cytokeratin 3/12. Cells were also stained with Hoechst 33342 dye to indicate cell nuclei. 
Immunostaining for cytokeratin pair 3/12 was most evident in superficial epithelial cells where 
stratification had commenced (e.g. arrow in (a). Panels (c) and (d) display the respective negative 
controls for either type of fibroin (omission of primary antibody step). The cross-sectional images of 
each culture were obtained by performing confocal microscopy on the folded edges through the centre 
of each culture. 
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4. Discussion 
Silk fibroin obtained from B. mori cocoons (BMSF) is relatively easy to obtain and purify and 
therefore has been widely explored as a material for several biomedical applications including ocular 
tissue reconstruction [5]. In the case of the ocular surface, membranes produced from BMSF 
potentially provide a less expensive and more transparent alternative to AM as a vehicle for cultured 
epithelial transplants. Nevertheless, HCE cells naturally adhere better to AM [5,8] than to BMSF, thus 
prompting studies aimed at improving cell attachment to fibroin. Studies of silk fibroin from A. pernyi 
silk fibroin, containing RGD peptides, are therefore a natural progression of this work, but techniques 
for working with APSF have been less well established. To this end, we presently report a protocol 
that for the first time enables production of freestanding membranes of APSF. While noticeably more 
brittle and less permeable (to Allura red as a test molecule) than their BMSF counterparts, we show 
that the APSF membranes support equivalent attachment, growth and differentiation of HCE cells. 
Nevertheless, we also show that techniques for working with APSF are less reliable than those for 
BMSF. The significance of these findings can be considered on two levels: in terms of the mechanism 
of cell adhesion to fibroin, or from the clinical perspective of those seeking to treat ocular surface 
disease. 
From a scientific perspective, the mechanism of cell attachment to silk fibroin remains an 
intriguing concept. While more widely studied than APSF, the BMSF lacks any evidence of 
established cell adhesion sites within its primary structure. As such, adhesion of cells to BMSF is 
largely dependent upon use of serum-supplemented growth medium or pre-coating with purified 
extracellular matrix components [14,32]. It might therefore be expected that APSF, by virtue of its 
RGD peptides, should provide a superior substrate, but the literature is inconclusive. On the one hand, 
studies have reported greater attachment of mouse fibroblasts or human bone marrow-derived 
mesenchymal stem cells (hBM-MSC) to APSF compared with BMSF [23, 30]. However, elsewhere it 
has been determined that the presence of RGD sequences alone is not sufficient to improve cell 
adhesion to a substrate [33, 34]. Our present findings using HCE cells support the latter view, but 
some consideration must be given to the experimental context. In brief, the protocols used to generate 
aqueous solutions of fibroin are known to cause extensive disruption of the primary peptide structure 
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[35]. Thus it remains possible that with further refinement of techniques for processing APSF, a 
method could be established that better preserves the RGD sequences within this protein.  
From a clinical perspective, protocols used in the manufacture of materials for biomedical 
applications should be robust and amenable to strict quality controls. Thus while we have 
demonstrated the feasibility of producing transparent freestanding membranes from APSF, the lower 
success rate (60% versus 100% for BMSF) does little to support choice of this material over BMSF. 
Nevertheless, it remains possible that further refinements in processing techniques as described above 
might bring these two materials to parity. As a starting point, our experience indicates that aqueous 
solutions of APSF are far more sensitive to changes in temperature and agitation than their BMSF 
counter-parts. Interestingly, best results for creating freestanding membranes of APSF in 45 mm 
dishes were achieved when casting at RT in a fan-ventilated oven over 12 h, whereas coating of 24-
well plates worked best when conducted at 4 ˚C over 2 to 3 weeks. We believe that these differences 
might be determined by the rate of evaporation, as influenced by the initial volume in each vessel and 
the varying levels of ventilation (especially according to position of wells relative to edge in a 24-well 
plate), in addition to time and temperature.  
Other parameters such as transparency, permeability and general handling properties are also 
relevant to biomedical applications. In the case of the ocular surface, any material placed between the 
corneal epithelium and underlying corneal stroma must be able to support adequate passage of light, 
along with vital nutrients and regulatory factors required for tissue homeostasis. Based upon the data 
produced in this study, freestanding APSF membranes meet the requirements for transparency. 
Permeability based upon passage of Allura red also looks promising, but in vivo studies are ultimately 
required to confirm whether either APSF or BMSF for that matter provide a suitable substitute for the 
basement membrane of corneal epithelial cells. Likewise, while there have been studies of 
biocompatibility using BMSF inserted into the living corneal stroma of rabbits [11], further studies 
are required to assess the structural compliance of both BMSF and APSF when sutured to the ocular 
surface. It is therefore yet to be determined whether the inherent differences in brittleness/elasticity of 
APSF and BMSF membranes identified in this study will have any bearing on their relative suitability 
as biomaterials. It should be noted, however, that the mean elastic modulus (MPa) for wet 
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freestanding membranes of BMSF (12.9) is between that for fresh (2.6) and partially dried amniotic 
membrane (17.3) noted in previous studies [36].  
 
5. Conclusions 
Having now studied fibroin isolated from A. pernyi cocoons obtained from two different sources, we 
must conclude that APSF does not offer advantages over BMSF when it comes to supporting the 
attachment, growth and differentiation of corneal epithelial cells. Moreover, production of transparent 
freestanding membranes from APSF is technically more challenging than producing equivalent 
membranes from BMSF. Thus while APSF has potential as a substrate, BMSF is suggested as the 
fibroin of choice for potential biomedical applications. Nevertheless, refinement of techniques for 
processing APSF might yet lead to improved performance, especially if they preserve the RGD 
sequences present within the proteins primary structure. 
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